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Abstract
Protists in the central Arctic Ocean are adapted to the harsh environmental
conditions of its various habitats. During the Polarstern cruise ARK-XXVI/3 in
2011, at one sea-ice station, large aggregates accumulated at the bottom of the
melt ponds. In this study, the protist assemblages of the bottom layer of the
sea-ice and melt-pond aggregate were investigated using flow cytometry and
454-pyrosequencing. The objective is to provide a first molecular overview
of protist biodiversity in these habitats and to consider the overlaps and/or
differences in the community compositions. Results of flow cytometry pointed
to a cell size distribution that was dominated by 3 10 mm nanoflagellates. The
phylogenetic classification of all sequences was conducted at a high taxonomic
level, while a selection of abundant (]1% of total reads) sequences was
further classified at a lower level. At a high taxonomic level, both habitats
showed very similar community structures, dominated by chrysophytes and
chlorophytes. At a lower taxonomic level, dissimilarities in the diversity
of both groups were encountered in the abundant biosphere. While sea-ice
chlorophytes and chrysophytes were dominated by Chlamydomonas/Chloromonas
spp. and Ochromonas spp., the melt-pond aggregate was dominated by Carteria
sp., Ochromonas spp. and Dinobryon faculiferum. We suppose that the similarities
in richness and community structure are a consequence of melt-pond fresh-
water seeping through porous sea ice in late summer. Differences in the
abundant biosphere nevertheless indicate that environmental conditions in
both habitats vary enough to select for different dominant species.
To access the supplementary material for this article, please see
supplementary files under Article Tools online.
The Arctic Ocean is a harsh environment and subject
to seasonal variations in temperature, sea-ice concentra-
tion and solar radiation. These strong variations have the
potential to change protist community composition and
to promote the occurrence of species that are especially
adapted to the local constraints (Sakshaug & Slagstad
1991; Li et al. 2009; Tremblay et al. 2009). In particular,
small cells with faster rates of nutrient uptake and little
metabolic requirements are most able to adapt to changes
in these abiotic conditions and hence dominate the Arctic
Ocean (Grover 1991; Hein et al. 1995; Lovejoy et al.
2007). Protists in the Arctic Ocean are found in the deep
sea as well as within melt ponds and sea ice. Abiotic envi-
ronmental factors vary strongly between these habitats.
Wide variations in chemical and physical parameters
control the sympagic protist assemblages of brine chan-
nels in sea ice (Horner et al. 1992; Gradinger 1999;
Schu ¨nemann & Werner 2005). Arrigo (2003) reported a
strong relation between sea-ice thickness and protist
community composition, with a greater biomass at the
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(page number not for citation purpose)sea-ice water interface. Sea-ice communities include
micro- and nanoplankton species, such as diatoms,
dinoflagellates and ciliates, but can also contain picoeu-
karyotes (Medlin & Priddle 1990; Thomas & Dieckmann
2002; Piwosz et al. 2013). In summer, when snow starts
melting, melt ponds form and cover up to about 80% of
the ice floe area (Luthje et al. 2006). So-called open melt
ponds are connected with seawater and therefore show a
higher salinity (ca. 29 PSU) than closed melt ponds that
include freshwater (Gradinger 2002; Lee et al. 2011).
Consequently, open ponds are characterized by marine
protist species whereas closed ponds hold freshwater
species. During an expedition of the RV Polarstern in
summer 2011, we observed large numbers of melt-pond
aggregates in the Atlantic sector of the Arctic Ocean. The
number of observed aggregates declined towards the Pacific
sector. Records of melt-pond aggregates are nothing new.
Gran (1904) and Nansen (1906) first reported the occur-
rence of small algae flakes (aggregates) at the bottoms of
melt ponds. In September 2008, Lee et al. (2012) found
aggregates in melt ponds of the Chukchi Sea and Canadian
Basin. Aggregates are chemical microenvironments that
are enriched in nutrient concentration (Alldredge & Cohen
1987; Shanks & Trent 1979). They can be composed of
either living or non-living material and can harbour
dense attached microbial communities (MacIntyre et al.
1995; Silver et al. 1998). The formation of such aggre-
gates is suggested to occur primarily through physical
processes like collision and sticking of particles (Alldredge
& Jackson 1995). In particular, calm water is supposed
to favour the aggregation process (del Negro et al.
2005).
Biodiversity studies of Arctic protist communities and
particularly of those that inhabit sea ice and melt ponds
are lacking (Gradinger 2002; del Negro et al. 2005; Precali
et al. 2005; Werner et al. 2007; Lee et al. 2011; Piwosz
et al. 2013). We used a molecular approach for diversity
analysis of the small protists (e.g., picoplankton and
nanoplankton), firstly because they are assumed to be
major contributors to these communities and secondly
because the high detrital load and the degraded condition
of protist cells in melt-pond aggregates can hamper micro-
scopy analysis. 454-Pyrosequencing allows assessment
of microbial communities at high resolution given suf-
ficiently deep taxon sampling (Margulies et al. 2005;
Stoeck et al. 2010). The method suffers from a compara-
tively high intrinsic error rate that can be compensated
for by a rigorous sequence processing step prior to anal-
ysis (Huse et al. 2007; Huse et al. 2010; Kunin et al.
2010). The use of ribosomal genes (rRNA genes), such as the
18S rDNA, is well suited for molecular diversity analysis.
In this study, we used the hypervariable V4 region of the
18S rDNA (Nickrent & Sargent 1991; Ebenezer et al.
2012).
The objective of the study is to provide a first molecular
insight into the diversity of melt-pond aggregate and a
deeper one into the diversity of sea-ice bottom protist
communities, including a survey of their cell size dis-
tribution. Furthermore, we want to assess potential con-
nections between these communities, by focusing on
species overlaps. To our knowledge, an investigation of
the genetic diversity of the sea-ice bottom layer and melt-
pond aggregate has not been accomplished so far.
Material and methods
Study area and sampling procedure
Samples were collected on 14 August 2011, during the ARK-
XXVI/3 expedition of RV Polarstern to the central Arctic
Ocean. The sampling site was located at 59855.91?E,
85848.19?N (Fig. 1). Melt-pond quantity, ice concentra-
tion and ice thickness were categorized to assess the
condition of sea ice (data made publicly available by the
Alfred Wegener Institute: doi: 10.1594/PANGEA.803312).
Sea ice was collected with a Mark II 9 cm inner diameter
ice corer (Kovacs Enterprise, Roseburg, OR, USA). The
ice cores were sectioned into 10-cm vertical slices. For
DNA analysis, the bottom section was diluted with 0.2 mm
filtered seawater (200 ml for each cm of ice) and
thereafter allowed to melt over the following 24 h at a
constant 48C temperature and under low light condi-
tions. A volume of 250 ml was size fractionated at
200 mbar (0.4 3 mm, 3 10 mm and larger than 10 mm) on
Millipore isopore membrane filters (Billerica, MA, USA)
and immediately frozen at  808C. Aggregates (Supple-
mentary Fig. S1), from the bottom of the melt ponds,
were collected in a glass vacuum flask with a hand-held
vacuum pump. This way the samples were diluted with
the ambient melt-pond water. The particulate organic
matter and chlorophyll a of melt-pond water and aggre-
gate slurry were compared to estimate the potential bias
introduced by this sampling step. A volume of 10 ml was
size fractionated from this slurry as described previously.
Sequential filtration was conducted in order to obtain
a best possible representation of all cell sizes in the
molecular approach. The filtration facilitates separate am-
plification of the size fractions in the subsequent poly-
merase chain reaction step. This minimizes the danger
of under-amplifying picoeukaryotes, due to the limited
gene copy number (Zhu et al. 2005).
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Small algae (B50 mm) were directly counted on board
with a BD Accuri C6 flow cytometer (San Jose, CA,
USA). The algae were identified based on their orange
and red fluorescence according to Marie et al. (2005) and
were classified in three size groups of 0.6 3 mm, 3 10 mm
and  10 mm.
DNA processing
DNA extraction and amplification of the V4 region (ca.
630 bp) were conducted according to Kilias et al. (2013).
Purified polymerase chain reaction products were sent
to GATC Biotech, Constance, Germany, where the final
pyrosequencing was done with a Roche 454 Genome
Sequencer FLX System (Penzberg, Germany).
Quality control and 454-pyrosequencing data
processing
Raw sequences were processed to increase the quality
and to decrease the effect of low-quality reads on diver-
sity estimates. Sequences shorter than 300 bp and longer
than the target fragment (ca. 670 bp) were excluded
from the data set. Furthermore, sequences were screened
by means of Perl scripts to remove those starting with
incorrect/incomplete F-primer sequences, those with more
than one ambiguous base (N) and those with homo-
polymers of seven or more successive bases (]7 hps).
Huse et al. (2007) showed that the removal of sequences
with ambiguous bases can reduce the error rate from
initial 0.5 % to 0.25 %, while homopolymers of 5 hps
were found to contribute the highest proportion of
induced errors in the Genome Sequencer FLX System
(Behnke et al. 2011). Chimeras were detected and
excluded using UCHIME 4.2.40 software (Edgar et al.
2011), which uses the SSU Ref 108 (SILVA) reference
database. A random subsampling to the minimum qua-
lity sequence number (after quality processing) was
carried out because sequencing depths at the two habitats
differed by a factor of two. Final-processed sequences
were clustered (furthest neighbour algorithm) into arti-
ficial operational taxonomic units (OTUs) with a thresh-
old of 97%, using the software package Lasergene 10
Seqman Pro (DNAStar, Madison, WI, USA). All single-
tons, defined as OTUs composed of uniquely occurring
sequences, were removed to evade possible errors in-
duced by the assembly of the sequencing progress. We
used consensus sequences of the OTUs to further reduce
the number of sequencing errors in the diversity analysis.
In order to estimate the potential bias by using consensus
instead of original sequences, we compared their taxo-
nomic information by performing BLAST searches and
constructing a phylogenetic tree based on consensus se-
quences, original sequences and BLAST search sequences
(Supplementary Table 1, Supplementary Fig. S2).
Consensus sequences were finally placed into a quality-
trimmed reference tree built up from a selection of 1200
high-quality sequences from the SSU Ref 111 (SILVA) data-
base, including representatives of all the main eukaryotic
phyla, using the bioinformatics pipeline PhyloAssigner
(Vergin et al. 2013). This procedure has the benefit
of preserving as much phylogenetic signal as possible.
Multiple phylotypes that clustered to the same genus but
differed by at least 3% were numbered. Relative abun-
dances of high quality reads were calculated and used for
discrimination between abundant and rare OTUs that
accounted for ]1% and B1% of the total read number.
Fig. 1 (a) Melt-pond aggregate and (b) sea-ice bottom layer (sea-ice 
water interface; 10 cm) habitats. (c) The position of sampling station 212
in the Arctic Ocean (ARKXXVI/3 cruise).
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Results
Physical and chemical environment
Two habitats, sea ice (bottom layer) and melt pond
(aggregate), were sampled at one station in the Arctic
Ocean and analysed for protist biodiversity (Fig. 1). Sea-
ice coverage was 100% with a thickness of approximately
0.7 1.2 m. An ice core of 1.12 m length was drilled, of
which the last 10 cm (sea-ice water interface) were used
for analysis. The areal coverage of melt ponds reached
40%. This station was chosen since it represented the
greatest accumulation of aggregates at the bottom of the
melt ponds. Aggregate sampling was carried out in an
almost-closed melt pond. Particulate organic matter and
chlorophyllaofthemelt-pondwatercontributedlessthan
1% of the aggregate, suggesting that the analysed biomass
mainly came from the aggregate (data not shown).
Flow cytometry
Flow cytometer measurements revealed three size classes
of algae in the aggregates and ice cores (Fig. 2). Cells
larger than 50 mm cannot be identified with the flow
cytometer due to the set-up of the instrument. In any
case, most of the cells in the largest size class were still
less than 25 mm. Nano-algae (3 10 mm) dominated both
biomes with 74 and 84% in the aggregate and in the
bottom sea ice. Pico-algae in the melt-pond aggregate
had a higher proportion, at almost 23%, than in the ice
core.
454-Pyrosequencing
The sequencing depth differed by a factor of two between
the two habitats. While the sea-ice sample recorded 27289
raw reads, the melt-pond aggregate yielded 43826 se-
quences (Table 1). Quality filtering removed 33% of the
initial sea ice reads and 35% of the melt-pond aggregate
reads. Subsampling to the minimum sequence number
(sea ice) reduced melt-pond aggregate sequences to 17193
reads. The clustering of quality-screened subsampled
sequences at a 97% identity threshold, presented 358
OTUs for the sea-ice sample and 440 OTUs for the melt-
pond aggregate.
The Venn diagram in Fig. 3 presents the overlap of 140
OTUs between the habitats. Numbers of unique OTUs
were greatest for the melt-pond aggregate (330) and least
for the sea-ice bottom layer (218).
The relative abundance of the major taxonomic group
distribution, including all phylotypes, is presented in
Fig. 4, while a more detailed classification of abundant
phylotypes (]1% relative abundance) is presented in
Table 2. Chrysophytes and chlorophytes dominated the
community structures in both habitats with 96% (chry-
sophyte: 69%; chlorophyte: 27%) in the sea ice and 74%
(chrysophyte: 47%; chlorophyte: 28%) in the aggregate
sample. Stramenopiles, as bacillariophytes, were weakly
represented and ranged between 0.3 and 0.8% in both
habitats. Pelagophytes accounted for greater percentages
(2.6%) in the melt-pond aggregate than were recovered
in the sea-ice bottom layer (B1%). Alveolates in the sea
ice showed a small contribution of about 1% and were
mostly represented by dinoflagellates. In the aggregate,
alveolates were of greater abundance, contributing 15.9%
dinoflagellates and 3.2% ciliates.
The distribution of species within major taxonomic
groups was characterized by a few phylotypes defined by
many sequences, and many phylotypes of low sequence
Fig. 2 Histogram of the protist cell size distribution in the sea-ice
bottom layer and melt-pond aggregate obtained by ﬂow cytometry.
Table 1 Summary of 454-pyrosequencing data processing, showing the
quality ﬁltering and the number of operational taxonomic units (OTUs).
Quality check includes size trimming (]300 bp), denoising and removal
of chimeras. OTUs were generated with a 97% threshold for read
identity.
Sea ice Melt pond
Raw reads 27289 43826
Removal of reads:
B300 bp 167 406
Homopolymers and ambiguous N 8719 11601
Chimeras and metazoan 1210 3363
Final read number: 17193 28456
Subsampling 17193 17193
After removal of singletons 14699 14072
OTU (97%) 358 440
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abundant biosphere (]1% of total reads) was dominated
bychlorophyteandchrysophytespecies.However,species
composition differed between the sea-ice bottom layer
andmelt-pondaggregate.While Carteriasp.wasparticular
abundant in the melt-pond aggregate (20%), phylotypes,
affiliating to Chlamydomonadaceae were more abun-
dant in the sea ice. A precise genus-level-specific char-
acterization of Chlamydomonadaceae phylotypes was not
possible because sequence annotations resulted in two
genera of similar probability (99%), Chlamydomonas and
Chloromonas. Chlamydomonadaceae 1 accounted for the
greatest percentage of ca. 16% in the sea-ice sample and
was also the only recorded phylotype in the abundant
biosphere of the melt-pond aggregate. Chrysophytes in
the melt-pond aggregate were more diverse, with six
species, than in the sea-ice bottom layer, with only two
species. In this regard, one species, Ochromonas sp. 1
(58%), strongly dominated the sea-ice sample while
species in the melt-pond sample were more evenly
distributed with Ochromonas sp. 2 (13%), Ochromonas
sp. 1 (9%) and Dinobryon faculiferum 1 (9%) accounting
forthe highest proportions. Alveolates werenot abundant
in the sea-ice bottom layer but represented by
three species in the melt-pond aggregate, an unclassified
Gymnodiniales species (13%), Peridinium sp. (2%) and
Strombidium basimorphum (1%).
Discussion
We investigated the coupling of protist biodiversity
between the sea-ice bottom layer and melt-pond aggre-
gate, using 454-pyrosequencing of the 18S rDNA (V4
region). Since studies on melt-pond and sea-ice protist
diversity are scarce and in most parts based on non-
molecular approaches (Gradinger 2002; del Negro et al.
2005; Precali et al. 2005; Werner et al. 2007; Lee et al.
2011), ours is a first molecular overview, including small
cell size protists. In addition, we analysed cell size
distributions in both habitats by applying flow cytometry.
Cell size distributions between the sea-ice bottom layer
and melt-pond aggregate were similar and showed a
dominance of cells ranging between 3 and 10 mm. Cells
larger than 10 mm were weakly represented. Although
flow cytometer analysis missed cell sizes  50 mm, our
data suggest a stronger representation of nanoplankton
overall in both habitats, compared to the pico- and
Fig. 3 Venn diagram of the operational taxonomic unit (OTU) overlap
between the sea-ice bottom layer and melt-pond aggregate habitats.
OTUs were generated with a threshold of 97% identity.
Fig. 4 Histogram showing the relative abundances (%) of major
taxonomic groups, obtained by 454-pyrosequencing read distribution
in the sea-ice bottom layer and melt-pond aggregate.
Table 2 Classiﬁcation of abundant phylotypes (]1% of total reads) in
the sea-ice bottom layer and melt-pond aggregate. Values are given in
percent (relative abundance). r refers to the occurrence of the phylotype
in the rare biosphere (B1% of total reads). Phylotypes with a similar
taxonomic classiﬁcation were numbered.
Taxonomic classification
Sea-ice
bottom 10 cm
Melt-pond
aggregate
Alveolate
Unc.
a Gymnodiniales r 12.9
Peridinium sp. r 1.8
Strombidium basimorphum   1.4
Chlorophyte
Carteria sp. 1.2 19.8
Chlamydomonadaceae 1 15.9 2.9
Chlamydomonadaceae 2 1.6 r
Chlamydomonadaceae 3 3.45 r
Chlamydomonadaceae 4 1.4 r
Stramenopile
Dinobryon faculiferum 1 r 8.9
Dinobryon faculiferum 2 r 2.6
Ochromonas tuberculata r 2.7
Ochromonas sp. 1 58.1 8.7
Ochromonas sp. 2 2.0 13.3
Ochromonas sp. 3 r 1.3
Pelagomonas sp. r 2.6
aUncultured.
E.S. Kilias et al. Protists in Arctic sea-ice and melt-pond aggregate
Citation: Polar Research 2014, 33, 23466, http://dx.doi.org/10.3402/polar.v33.23466 5
(page number not for citation purpose)microplankton. For the sea-ice sample, this size distribu-
tion is surprising in view of numerous reports that diatoms
in the size range 10 100 mm dominate sea-ice commu-
nities (Riaux-Gobin et al. 2003; Werner et al. 2007; Winder
et al. 2009). On the other hand, Piwosz et al. (2013)
reported large numbers of picoplanktonic cells (0.9 
8.791.3 10
10 cells m
 3) in first-year sea ice. Due to
the lack of data for melt-pond aggregates no comparison
with our data is possible. Lee et al. (2012) studied the
species composition in an open melt pond and observed a
dominance of nano- and pico-sized flagellates, including
Chlamydomonas nivalis, Dinobryon belgica and Pyramimonas
sp. Melt-pond aggregates might be expected to show a
similar species composition if formed by physical aggre-
gation processes. Another scenario might be that species
in melt-pond aggregates originate from sea ice, released
during sea-ice surface melt in summer (Ferna ´ndez-
Me ´ndez et al. 2014). However, no sea-ice algae like
Pseudonitzschia sp., Nitzschia sp. or Navicula sp. (Syvertsen
1991) were recovered in our data set.
SequencedatapresentedanOTUoverlapofca.30 40%
between the sea-ice bottom layer and melt-pond aggre-
gate, suggesting a similar richness in both habitats. The
similarityisfurtherillustratedbythedissimilaritywiththe
corresponding chlorophyll maximum water sample (data
not shown; Kilias et al. 2014). While the resemblance on a
high taxonomic level was mirrored by a dominance of
chrysophytes and chlorophytes, seawater was domina-
ted by dinoflagellates (Syndiniales) and chlorophytes
(Micromonaspusilla).Chrysophyteandchlorophytespecies
distribution in the abundant biosphere, however, differed
between both habitats.
In our study, abundant chlorophytes affiliated to dif-
ferent Chlamydomonadaceae phylotypes and Carteria sp.
Chlamydomonadaceae phylotypes accounted for greater
percentages in the sea ice than in the melt-pond aggregate.
In contrast, Carteria sp. was more abundant in the
aggregate. Both genera are composed of different fresh-
water species (Buchheim & Chapman 1992; del Campo &
Massana 2011; Pentecost 2011). Chlamydomonadaceae,
such as Chlamydomonas sp. and Chloromonas sp., are
widely distributed in the polar regions and have been
recorded in sea ice, snow and melt ponds (Gradinger &
Nu ¨rnberg 1996; Mu ¨ller et al. 1998; Weissenberger 1998;
Gradinger 2002; Sandgren 2009; Harding et al. 2011;
Piwosz et al. 2013). Phylotypes in this study grouped in
the genera Chlamydomonas and Chloromonas but could not
be separated in more detail. This finding is similar to
those of former studies that reported polyphyly for both
genera (Buchheim et al. 1990; Buchheim et al. 1996;
Pro ¨schold et al. 2001). The life cycles of both genera in-
clude a cyst formation stage, enabling high photoprotective
efficiency and promoting survival in hostile conditions
(Bidigare 1993; Mu ¨ller et al. 1998).
Abundant chrysophytes affiliated to several Ochromonas
phylotypes and to two of Dinobryon faculiferum. Ochromonas
spp. were strongly represented in the sea-ice bottom
layer and melt-pond aggregate while D. faculiferum was
only abundant in the melt-pond aggregate. Chrysophytes
are found across diverse aquatic habitats; Ochromonas has
been found in brackish, marine and above all freshwater
environments (Fenchel 1982; Doddema & Van Der Veer
1983; Anderson et al. 1985; Anderson et al. 1989). One
explanation for the wide distribution of chrysophytes
is their ability to form cysts during periods of unfavour-
able conditions (Nicholls 2009). Cyst formation is also
common in Ochromonas (Hibberd 1977). The ability of
Ochromonas and Chlamydomonas or Chloromonas to form
cysts is beyond any doubt advantageous for their dispersal.
The greater tolerance of resting stages to unfavourable
abiotic conditions may have enabled their distribution
via seawater or drift ice circulating outwards from the
Laptev Sea (Rudels et al. 2012). Wind may also have
acted as a long distance dispersal vehicle for cysts (Munoz
et al. 2004). Mixotrophy may be another advantageous
strategy for surviving extreme conditions, particularly
in the polar regions (Moorthi et al. 2009). Bachy et al.
(2011) observed a variety of likely mixotrophic taxa, in-
cluding Gyrodinium, Gymnodinium, Woloszynskia, Prorocentrum
or Strombidium, surviving the polar night in the water
below the sea ice and in the sea ice itself. Charvet et al.
(2012) studied protist communities in High-Arctic mero-
mictic lakes. Their data showed high numbers of dino-
flagellates, ciliates and chrysophytes (e.g., Gymnodinium,
Strombidium and Ochromonas) in the under sea-ice com-
munity in summer 2008 and 2009. In our study,
Gymnodinium and Strombidium were only abundant in
the melt-pond aggregate, while sea ice was strongly
dominated by the mixotroph Ochromonas sp. (Andersson
et al. 1989; Hiltunen et al. 2012). These observations
show that mixotrophic taxa not only constitute impor-
tant contributors during the polar night but can also be
dominant under the midnight sun or sea ice.
The dominance of freshwater chlorophytes in both
samples points to a freshwater environment in the melt
pond and a strong freshwater influence on sea ice during
the summer. This study’s abundant chrysophytes, such
as Ochromonas sp. and D. faculiferum, have often been
reported in freshwater environments (Sanders 1991;
Caron et al. 1993). The presence and overlap of fresh-
water species in both the sea-ice and melt-pond aggre-
gate OTUs poses the questions of whether (i) the sea-ice
protist community constitutes the source of the melt-pond
aggregate, released during melting or (ii) the melt-pond
Protists in Arctic sea-ice and melt-pond aggregate E.S. Kilias et al.
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late in the bottom layer during summer melting. How-
ever, differences in the abundant biospheres of the two
habitats suggested that environmental variables were
distinct enough in each to select for different dominant
community members.
Our sampling was carried out in late summer, when
sea ice at the bottoms of ponds can become porous
(Kramer & Kiko 2011). Current information about sea-
ice community diversity, including cercozoans, dinofla-
gellates and diatoms, strengthens the second suggestion
(Comeau et al. 2013). In general, diatoms are thought to
dominate the lower part of sea ice and to contribute to
aggregates, by macroaggregate formation (Brown et al.
2011; Assmy et al. 2013). Autotrophic and heterotrophic
flagellates, in contrast, were found to be more common
in the upper layers of sea ice (Grossi & Sullivan 1985;
Gradinger 1999). In mid-August, diatoms were not found
in abundance in the surface seawater (Kilias et al. 2014),
the sea-ice bottom layer, or in the melt-pond aggregate.
Environmental DNA sequencing is unlikely to have failed
to detect this quantitatively important phylogenetic
group (del Campo & Massana 2011) because of the
high throughput of next-generation sequencing. Never-
theless, we have to keep in mind that genetic diversity
studies can only provide indications of relative abun-
dance. Seasonal variations of single protist groups might
be one explanation for observed differences in commu-
nity structures (Horner 1985). Microscopy of the aggre-
gate protist assemblage presented a large proportion of
empty diatom frustules, which, combined with a high
C/N ratio may point to advanced degradation of the algae
aggregates (Ferna ´ndez-Me ´ndez et al. 2014). Hence, it
seems that large aggregates serve as a micro niche for
nanoflagellates during summer.
In summary, our data confirm previous investigations
in which melt ponds can provide a distinct freshwater
habitat, including for specific protists (Gradinger &
Nu ¨rnberg 1996; Brinkmeyer et al. 2004). The large
aggregates found on the bottom of the melt ponds serve
mainly as a habitat for nanoplanktonic algae, while
microplankton were already too degraded to be detected
with our methods. We cannot conclude to what extent
the sea-ice protist community may serve as a seeding
reservoir for melt-pond communities because of the
possible seeping of melt-pond freshwater through the
porous sea ice. However, our data suggest that the two
habitats selected for different abundant species in spite of
the potential for seepage to influence diversity estimates
for the sea-ice bottom layer. Based on the findings of this
short overview and the currently observed increase of
Arctic sea-ice melt ponds, which has been attributed to
on-going climate change, future studies of interactions
between these habitats are urgently required. We recom-
mend that these studies should cover a broad regional
and seasonal range for a better understanding of the
factors that govern species diversity in these central
Arctic Ocean habitats.
Acknowledgements
This study was accomplished within the Young Investi-
gator Group PLANKTOSENS (VH-NG-500), funded by
the Initiative and Networking Fund of the Helmholtz
Association and the Arctic sea-ice group of the Polar
Biological Oceanography Department. We are especially
indebted to S. Frickenhaus, F. Kilpert and B. Beszteri
for their bioinformatical support and very grateful to
A. Nicolaus and K. Oetjen, for excellent technical support
in the laboratory. Discussions with Dr Christian Wolf are
especially acknowledged. We thank the captain and crew
of the RV Polarstern for their support during the ARKXX-
VI/3 cruises.
References
Alldredge A.L. & Cohen Y. 1987. Can microscale chemical
patches persist in the sea? Microelectrode study of marine
snow, fecal pellets. Science 235, 689 691.
Alldredge A.L. & Jackson G.A. 1995. Aggregation in marine
systems. Preface. Deep-Sea Research Part B 42,1  7.
Anderson A., Falk S., Samuelsson G. & Hagstrom A. 1989.
Nutritional characteristics of a mixotrophic nanoﬂagellate,
Ochromonas sp. Microbial Ecology 17, 251 262.
Anderson A., Lee C., Azam F. & Hagstrom A. 1985. Release of
amino acids and inorganic nutrients by heterotrophic
marine microﬂagellates. Marine Ecology Progress Series 23,
99 106.
Arrigo K.R. 2003. Primary production in sea ice. In D.N.
Thomas & G.S. Dieckmann (eds.): Sea ice: an introduction to its
physics, chemistry, biology and geology. Pp. 143 183. Oxford:
Blackwell.
Assmy P., Ehn J.K., Ferna ´ndez-Me ´ndez M., Hop H., Katlein C.,
Sundfjord A., Bluhm K., Daase M., Engel A., Fransson A.,
Granskog M.A., Hudson S.R., Kristiansen S., Nicolaus M.,
Peeken I., Renner A.H.H., Spreen G., Tatarek A. & Wiktor V.
2013. Floating ice-algae aggregates below melting Arctic sea
ice. PLOS One 8, e76599.
Bachy C., Lopez-Garcian P., Vereshchaka A. & Moreira D.
2011. Diversity and vertical distribution of microbial eu-
karyotes in the snow, sea ice and seawater near the North
Pole at the end of the polar night. Frontiers in Microbiology 2,
article no. 106, doi: 10.3389/fmicb.2011.00106.
Behnke A., Engel M., Christen R., Nebel M., Klein R.R. &
Stoeck T. 2011. Depicting more accurate pictures of
protistan community complexity using pyrosequencing
E.S. Kilias et al. Protists in Arctic sea-ice and melt-pond aggregate
Citation: Polar Research 2014, 33, 23466, http://dx.doi.org/10.3402/polar.v33.23466 7
(page number not for citation purpose)of hypervariable SSU rRNA gene regions. Environmental
Microbiology 13, 340 349.
Bidigare R.R., Ondrusek M.E., Kennicutt M.C., Iturriaga R.,
Harvey H.R., Hoham R.W. & Macko S.A. 1993. Evidence for
a photoprotective function for secondary carotenoids of
snow algae. Journal of Phycology 29, 427 434.
Brinkmeyer R., Glockner F.O., Helmke E. & Amann R. 2004.
Predominance of beta-proteobacteria in summer melt
pools on Arctic pack ice. Limnology and Oceanography 49,
1013 1021.
Brown T. A., Belt S.T., Philippe B., Mundy C.J., Masse G.,
Poulin M. & Gosselin M. 2011. Temporal and vertical
variations of lipid biomarkers during a bottom ice diatom
bloom in the Canadian Beaufort Sea: further evidence for
the use of the IP25 biomarker as a proxy for spring Arctic
sea ice. Polar Biology 34, 1857 1868.
Buchheim M.A. & Chapman R.L. 1992. Phylogeny of Carteria
(chlorophyceae) inferred from molecular and organismal
data. Journal of Phycology 28, 362 374.
Buchheim M.A., Lemieux C., Otis C., Gutell R.R., Chapman
R.L. & Turmel M. 1996. Phylogeny of the Chlamydomona-
dales (Chlorophyceae): a comparison of ribosomal RNA
gene sequences from the nucleus and the chloroplast.
Molecular Phylogenetics and Evolution 5, 391 402.
Buchheim M.A., Turmel M., Zimmer E.A. & Chapman R.L.
1990. Phylogeny of Chlamydomonas (chlorophyta) based on
cladistic-analysis of nuclear 18S ribosomal RNA sequence
data. Journal of Phycology 26, 689 99.
Caron D.A., Sanders R.W., Lim E.L., Marrase C., Amaral L.A.,
Whitney S., Aoki R.B. & Porter K.G. 1993. Light-dependent
phagotrophy in the fresh-water mixotrophic chrysophyte
Dinobryon cylindricum. Microbial Ecology 25,9 3  111.
Charvet S., Vincent W.F., Comeau A. & Lovejoy C. 2012.
Pyrosequencing analysis of the protist communities in a
High Arctic meromictic lake: DNA preservation and change.
Frontiers in Microbiology 3, article no. 422, doi: 10.3389/
fmicb.2012.00422.
Comeau A. M., Philippe B., Thaler M., Gosselin M., Poulin M.
& Lovejoy C. 2013. Protists in Arctic drift and land-fast sea
ice. Journal of Phycology 49, 229 240.
del Campo J. & Massana R. 2011. Emerging diversity within
chrysophytes, choanoﬂagellates and bicosoecids based on
molecular surveys. Protist 162, 435 448.
del Negro P., Crevatin E., Larato C., Ferrari C., Totti C.,
Pompei M., Giani M., Berto D. & Umani S.F. 2005.
Mucilage microcosms. Science of the Total Environment 353,
258 269.
Doddema H. & Van Der Veer J. 1983. Ochromonas monicis sp.
nov., a particle feeder with bacterial endosymbionts.
Cryptogamue Algologie 4,8 9  97.
Ebenezer V., Medlin L.K. & Ki J.S. 2012. Molecular detection,
quantiﬁcation, and diversity evaluation of microalgae.
Marine Biotechnology 14, 129 142.
Edgar R.C., Haas B.J., Clemente J.C., Quince C. & Knight R.
2011. UCHIME improves sensitivity and speed of chimera
detection. Bioinformatics 27, 2194 2200.
Fenchel T. 1982. Ecology of heterotrophic microﬂagellates.
I. Some important forms and their functional morphology.
Marine Ecology Progress Series 8, 211 223.
Ferna ´ndez-Me ´ndez M., Wenzho ¨fer F., Peeken I., Sørensen
H.L., Glud R.N. & Boetius A. 2014. Composition, buoyancy
regulation and fate of ice algal aggregates in the central
Arctic Ocean. PLOS One 9, e107452, doi: 10.1371/journal.
pone.010745.
Gradinger R. 1999. Vertical ﬁne structure of the biomass and
composition of algal communities in Arctic pack ice. Marine
Biology 133, 745 754.
Gradinger R. 2002. Sea ice microorganisms. In G. Bitten (ed.):
Encyclopedia of environmental microbiology. Pp. 2833 2844.
New York: Wiley.
Gradinger R. & Nu ¨rnberg D. 1996. Snow algal communities on
Arctic pack ice ﬂoes dominated by Chlamydomonas nivalis
(Bauer) Wille. Proceedings of the NIPR Symposium on Polar
Biology 10, 283 292.
Gran H.H. 1904. Diatomaceae from the ice-ﬂoes and plankton
of the Arctic Ocean. In F. Nansen (ed.): The Norwegian North
Polar Expedition 1893 1896. Scientiﬁc results. Vol. 4. Pp. 1 74.
New York: Longmans, Green and Co.
Grossi S.M. & Sullivan C.W. 1985. Sea ice microbial commu-
nities. V. The vertical zonation of diatoms in the Antarctic
fast ice community. Journal of Phycology 21, 401 409.
Grover J.P. 1991. Resource competition in a variable environ-
ment: phytoplankton growing according to the variable-
internal-stores model. American Naturalist 138, 811 835.
Harding T., Jungblut A.D., Lovejoy C. & Vincent W.F. 2011.
Microbes in High Arctic snow and implications for the
cold biosphere. Applied and Environmental Microbiology 77,
3234 3243.
Hein M., Pedersen M.F. & Sandjensen K. 1995. Size-dependent
nitrogen uptake in micro- and macroalgae. Marine Ecology-
Progress Series 118, 247 253.
Hibberd D.J. 1977. Ultrastructure of cyst formation in
Ochromonas tuberculata (Chrysophyceae). Journal of Phycology
13, 309 320.
Hiltunen T., Barreiro A. & Hairston N.G. 2012. Mixotrophy
and the toxicity of Ochromonas in pelagic food webs.
Freshwater Biology 57, 2262 2271.
Horner R., Ackley S.F., Dieckmann G.S., Gulliksen B., Hoshiai
T., Legendre L., Melnikov I.A., Reeburgh W.S., Spindler M.
& Sullivan C.W. 1992. Ecology of sea ice biota. 1. Habitat,
terminology, and methodology. Polar Biology 12, 417 427.
Horner R.A. 1985. Ecology of sea ice microalgae. In R.A.
Horner (ed.): Sea ice biota. Pp. 83 104. Boca Raton, FL: CRC
Press.
Huse S.M., Huber J.A., Morrison H.G., Sogin M.L. & Mark
Welch D. 2007. Accuracy and quality of massively parallel
DNA pyrosequencing. Genome Biology 8, R143, doi: 10.1186/
gb-2007-8-7-r143.
Huse S.M., Welch D.M., Morrison H.G. & Sogin M.L. 2010.
Ironing out the wrinkles in the rare biosphere through
improved OTU clustering. Environmental Microbiology 12,
1889 1898.
Protists in Arctic sea-ice and melt-pond aggregate E.S. Kilias et al.
8
(page number not for citation purpose)
Citation: Polar Research 2014, 33, 23466, http://dx.doi.org/10.3402/polar.v33.23466Kilias E., Kattner G., Wolf C., Frickenhaus S. & Metﬁes K.
2014. A molecular survey of protist diversity through the
central Arctic Ocean. Polar Biology 37, 1271 1287.
Kilias E., Wolf C., No ¨thig E.M., Peeken I. & Metﬁes K. 2013.
Protist distribution in the western Fram Strait in summer
2010 based on 454-pyrosequencing of 18S rDNA. Journal of
Phycology 49, 996 1010.
Kramer M. & Kiko R. 2011. Brackish meltponds on Arctic sea
ice*a new habitat for marine metazoans. Polar Biology 34,
603 608.
Kunin V., Engelbrektson A., Ochman H. & Hugenholtz P.
2010. Wrinkles in the rare biosphere: pyrosequencing errors
can lead to artiﬁcial inﬂation of diversity estimates. Envi-
ronmental Microbiology 12, 118 123.
Lee S.H., McRoy C.P., Joo H.M., Gradinger R., Cui X.H., Yun
M.S., Chung K.H., Kang S.H., Kang C.K., Choy E.J., Son
S.H., Carmack E. & Whitledge T.E. 2011. Holes in progres-
sively thinning Arctic sea ice lead to new ice algae habitat.
Oceanography 24, 302 308.
Lee S.H., Stockwell D.A., Joo H.M., Son Y.B., Kang C.K. &
Whitledge T.E. 2012. Phytoplankton production from melt-
ing ponds on Arctic sea ice. Journal of Geophysical Research*
Oceans 117, C04030, doi: 10.1029/2011jc007717.
Li W.K.W., McLaughlin F.A., Lovejoy C. & Carmack E.C. 2009.
Smallest algae thrive as the Arctic Ocean freshens. Science
326, 539 539.
Lovejoy C., Vincent W.F., Bonilla S., Roy S., Martineau M.J.,
Terrado R., Potvin M., Massana R. & Pedro ´s-Alio ´ C. 2007.
Distribution, phylogeny, and growth of cold-adapted pico-
prasinophytes in Arctic seas. Journal of Phycology 43,7 8  89.
Luthje M., Feltham D.L., Taylor P.D. & Worster M.G. 2006.
Modeling the summertime evolution of sea-ice melt ponds.
Journal of Geophysical Research*Oceans 111, C02001, doi:
10.1029/2004JC002818.
Macintyre S., Alldredge A.L. & Gotschalk C.C. 1995. Accu-
mulation of marine snow at density discontinuities in the
water column. Limnology and Oceanography 40, 449 468.
Margulies M., Egholm M., Altman W.E., Attiya S., Bader J.S.,
Bemben L.A., Berka J., Braverman M.S., Chen Y.J., Chen
Z.T., Dewell S.B., Du L., Fierro J.M., Gomes X.V., Godwin
B.C., He W., Helgesen S., Ho C.H., Irzyk G.P., Jando S.C.,
Alenquer M.L.I., Jarvie T.P., Jirage K.B., Kim J.B., Knight
J.R., Lanza J.R., Leamon J.H., Lefkowitz S.M., Lei M.,
Li J., Lohman K.L., Lu H., Makhijani V.B., McDade K.E.,
McKenna M.P., Myers E.W., Nickerson E., Nobile J.R., Plant
R., Puc B.P., Ronan M.T., Roth G.T., Sarkis G.J., Simons J.F.,
Simpson J.W., Srinivasan M., Tartaro K.R., Tomasz A., Vogt
K.A., Volkmer G.A., Wang S.H., Wang Y., Weiner M.P., Yu
P.G., Begley R.F. & Rothberg J.M. 2005. Genome sequencing
in microfabricated high-density picolitre reactors. Nature
437, 376 80.
Marie D., Simon N. & Vaulot D. 2005. Phytoplankton cell
counting by ﬂow cytometry. In R.A. Anderson (ed.): Algae
culturing techniques. Pp. 253 267. Amsterdam: Elsevier.
Medlin L.K. & Priddle J. 1990. Polar marine diatoms.
Cambridge: British Antarctic Survey.
Moorthi S., Caron D.A., Gast R.J. & Sanders R.W. 2009.
Mixotrophy: a widespread and important ecological strategy
for planktonic and sea ice nanoﬂagellates in the Ross Sea,
Antarctica. Aquatic Microbial Ecology 54, 269 277.
Mu ¨ller T., Bleiss W., Martin C.D., Rogaschewski S. & Fuhr G.
1998. Snow algae from northwest Svalbard: their identiﬁca-
tion, distribution, pigment and nutrient content. Polar
Biology 20,1 4  32.
Munoz J., Felicisimo A.M., Cabezas F., Burgaz A.R. & Martinez
I. 2004. Wind as a long-distance dispersal vehicle in the
Southern Hemisphere. Science 304, 1144 1147.
Nansen F. 1906. Protozoa on the ice-ﬂoes of the North Polar
Sea. In F. Nansen (ed.): The Norwegian North Polar Expedition
1893 1896. Scientiﬁc results. Vol. 5. Pp. 1 22. New York:
Longmans, Green and Co.
Nicholls K.H. 2009. Chrysophyte blooms in the plankton and
neuston of marine and freshwater systems: report. In C.D.
Sandgren et al. (eds.): Chrysophyte algae: ecology, phylogeny
and development. Pp. 181 213. New York: Cambridge Uni-
versity Press.
Nickrent D.L. & Sargent M.L. 1991. An overview of the
secondary structure of the V4 region of eukaryotic small-
subunit ribosomal RNA. Nucleic Acids Research 19, 227 235.
Pentecost A. 2011. Phylum Chlorophyta. Order Volvocales. In
D.M. John et al. (eds.): The freshwater algal ﬂora of the British
Isles. An identiﬁcation guide to freshwater and terrestrial algae.
2nd edn. Pp. 381 409. Cambridge: Cambridge University
Press.
Piwosz K., Wiktor J.M., Niemi A., Tatarek A. & Michel C.
2013. Mesoscale distribution and functional diversity of
picoeukaryotes in the ﬁrst-year sea ice of the Canadian
Arctic. International Society for Microbial Ecology Journal 7,
1461 1471.
Precali R., Giani M., Marini M., Grilli F., Ferrari C.R., Pecar O.
& Paschini E. 2005. Mucilaginous aggregates in the north-
ern Adriatic in the period 1999 2002: typology and
distribution. Science of the Total Environment 353,1 0  23.
Pro ¨schold T., Marin B., Schlosser U.G. & Melkonian M.
2001. Molecular phylogeny and taxonomic revision of
Chlamydomonas (Chlorophyta). I. Emendation of Chlamy-
domonas Ehrenberg and Chloromonas Gobi, and description
of Oogamochlamys gen. nov and Lobochlamys gen. nov.
Protist 152,2 6 5  300.
Riaux-Gobin C., Poulin M., Prodon R. & Tregilier P. 2003.
Land-fast ice microalgal and phytoplanktonic communities
(Adelie Land, Antarctica) in relation to environmental
factors during ice break-up. Antarctic Science 15, 353 364.
Rudels B., Korhonen M., Budeus G., Beszczynska-Moller A.,
Schauer U., Nummelin A., Quadfasel D. & Valdimarsson H.
2012. The East Greenland Current and its impacts on the
Nordic seas: observed trends in the past decade. Ices Journal
of Marine Science 69, 841 851.
Sakshaug E. & Slagstad D. 1991. Light and productivity of
phytoplankton in polar marine ecosystems*a physiological
view. Polar Research 10,6 9  85.
Sanders R.W. 1991. Mixotrophic protists in marine and fresh-
water ecosystems. Journal of Protozoology 38,7 6  81.
E.S. Kilias et al. Protists in Arctic sea-ice and melt-pond aggregate
Citation: Polar Research 2014, 33, 23466, http://dx.doi.org/10.3402/polar.v33.23466 9
(page number not for citation purpose)Sandgren C.D., Smol J.P. & Kristiansen J. (eds.) 2009. Chryso-
phyte algae: ecology, phylogeny and development. New York:
Cambridge University Press.
Schu ¨nemann H. & Werner I. 2005. Seasonal variations in
distribution patterns of sympagic meiofauna in Arctic pack
ice. Marine Biology 146, 1091 1102.
Shanks A.L. & Trent J.D. 1979. Marine snow: microscale
nutrient patches. Limnology and Oceanography 24, 850 854.
Silver M.W., Coale S.L., Pilskaln C.H. & Steinberg D.R. 1998.
Giant aggregates: importance as microbial centers and
agents of material ﬂux in the mesopelagic zone. Limnology
and Oceanography 43, 498 507.
Stoeck T., Bass D., Nebel M., Christen R., Jones M.D.M.,
Breiner H.W. & Richards T.A. 2010. Multiple marker parallel
tag environmental DNA sequencing reveals a highly com-
plex eukaryotic community in marine anoxic water.
Molecular Ecology 19,2 1  31.
Syvertsen E. 1991. Ice algae in the Barents Sea: types of
assemblages, origin, fate and role in the ice edge phyto-
plankton bloom. Polar Research 10, 277 287.
Thomas D.N. & Dieckmann G.S. 2002. Antarctic sea ice*a
habitat for extremophiles. Science 295, 641 644.
Tremblay G., Belzile C., Gosselin M., Poulin M., Roy S. &
Tremblay J. E. 2009. Late summer phytoplankton distribu-
tion along a 3500 km transect in Canadian Arctic waters:
strong numerical dominance by picoeukaryotes. Aquatic
Microbial Ecology 54,5 5  70.
Vergin K.L., Beszteri B., Monier A., Thrash J.C., Temperton B.,
Treusch A.H., Kilpert F., Worden A.Z. & Giovannoni S.J.
2013. High-resolution SAR11 ecotype dynamics at the
Bermuda Atlantic Time-series Study site by phylogenetic
placement of pyrosequences. International Society for Micro-
bial Ecology Journal 7, 1322 1332.
Weissenberger J. 1998. Arctic sea ice biota: design and
evaluation of a mesocosm experiment. Polar Biology 19,
151 159.
Werner I., Ikavalko J. & Schunemann H. 2007. Sea-ice
algae in Arctic pack ice during late winter. Polar Biology 30,
1493 1504.
Winder M., Reuter J.E. & Schladow S.G. 2009. Lake warming
favours small-sized planktonic diatom species. Proceedings of
the Royal Society B 276, 427 435.
Zhu F., Massana R., Not F., Marie D. & Vaulot D. 2005.
Mapping of picoeucaryotes in marine ecosystems with
quantitative PCR of the 18S rRNA gene. Fems Microbiology
Ecology 52,7 9  92.
Protists in Arctic sea-ice and melt-pond aggregate E.S. Kilias et al.
10
(page number not for citation purpose)
Citation: Polar Research 2014, 33, 23466, http://dx.doi.org/10.3402/polar.v33.23466